An analysts of the heat capacity of NH,IO,, ND,IO,. and KIO, has been carried out in which the effects of the anisotropy of the thermal expansion have been considered, an approach hitherto used successfully for the perrhenates KReO,, NH,ReO,, and ND,ReO,. In the ammonium scheelites, the axial expansivities are very large, but of opposite sign, and as a result the molar volume of the scheelite lattice is nearly independent of temperature. It is shown that the correction from constant stress to constant strain results in a major contribution to the heat capacity of this highly anisotropic lattice. The difference between the experimental and calculated heat capacities, referred to as AC,,,, is expressed as the sum of the contributions from the anisotropy and the rotational heat capacity.
The results of the analysis show that the rotational contribution is much smaller than had previously been thought.
However, the exact contribution of the anisotropy cannot yet be calculated because the elastic constants are not known.
In calculating the heat capacity, maximum use has been made of external optical-mode frequencies derived from spectroscopic measurements.
Introduction
Recent experimental and theoretical studies on the thermodynamic properties of the ammonium perrhenates, NH,ReO, and ND,ReO,, both of which are tetragonal scheelite crystals, have shown that the rotational contribution to the excess heat capacity is much smaller than had previously been thought. '" In each of these compounds, there is a broad peak in the graph of heat capacity against temperature. which is absent from the potassium salt of the perrhenate.'2.3' The origin of the peak is now known to include a substantial contribution from the highly anisotropic lattice in addition to the rotational energy of the NH,' ion. Because the elastic constants are not yet known for these perrhenates, the exact contribution of the anisotropy cannot be calculated. However, there is optimism that once this contribution has been determined, the remaining rotational energy can be modelled accurately.
The ammonium metaperiodates NH,IO, and NHJO, share several common features with the isostructural perrhenates. These include axial expansivities. large and of opposite sign, resulting in the unit-cell volume remaining constant to within about 1 per cent,'4.51 and nuclear quadrupole resonance (n.q.r.) frequencies whose temperature and pressure dependences are peculiar. '4,6-8 ' The experimental heat  capacities of NH,IO, and ND,IO, recently reported as IV and V in our series on the scheelites'9~'0' show a broad peak in each salt around 200 K when plotted against temperature, which is similar to that in the perrhenates. a result that was not unexpected.
The present paper contains the analysis of the heat capacities of both the deuterated and non-deuterated NH,IO,, their interpretation, and discussion. The revised procedure to account for the anisotropy of the thermal expansion, which has been used with the perrhenates, has been applied to the metaperiodates to include the potassium salt KIO,.
Anisotropic thermal expansion
For any material, the standard equation for the contribution of thermal expansion to the heat capacity at constant pressure C,,, is C p.m -C,.,
where c1= Vi '(aV,/aT), is the isobaric expansivity, V, is the molar volume, and tir = -V; L(aVm/8~)T is the isothermal compressibility.
Heat capacities calculated from quantum energy levels oia statistical mechanics normally refer to conditions of constant volume. However, this is not adequate for ammonium ions in non-cubic crystals with atoms located in general positions, in which case these calculations are usually made under restrictive conditions of "constant geometry" in which the atoms near each ammonium ion are held at constant positions relative to the ammonium ion, independent of temperature. This requires that the unit-cell dimensions. angles, and all atomic positions, except those of the H atoms in the ammonium ion, be kept constant. To use the results of statistical mechanics in analyzing our experimental heat capacities, the measured C,., must be corrected to constant geometry. Only for cubic crystals with all atoms in special positions does constant geometry correspond to constant volume. Changes in the unit-cell dimensions and angles give rise to elastic strains, and are linked to stresses on the crystal through the elastic constants. Elastic strain and the corresponding stress are subject to thermodynamic analysis, but the atomic-position parameters correspond to "internal strain", which cannot be altered by the application of any external stress. (12) As a result the best that can be achieved through a thermodynamic description is a calculation of the heat capacity of the crystal constrained to constant unit-cell dimensions and angles, i.e. the heat capacity at constant strain.
When the thermodynamics used to derive equation (1) is generalized to account for the anisotropic stresses and strains, the relation between heat capacities at constant stress C,. m, and constant strain C,,, is described by" *.13' c o.m -c&m = I/, TX Cijk[%ijxkJ, (2) in which cijkr is the isothermal elastic-constant tensor and rij is the expansivity tensor. For our purposes, the condition of constant stress is equivalent to constant pressure. For a crystal of scheelite structure with tetragonal symmetry, the last equation becomes, in Voigt notation: C P.m -ce.In = I/,T{2(C,,+C,,)cc:+4C,,a,r,+C,,cl:).
Hence (C,, m -C,,,) is quadratic in the diagonal components of the expansivity tensor CL and may be large even in a case where the cubic expansivity (i.e. the trace of LX) is small. as for the ammonium scheelites.
The expansivity tensor for ammonium metaperiodate is known in detail over a wide temperature range, '5) but the elastic-constant tensor is not known at any temperature. so the right-hand side of equation (3) cannot be evaluated numerically.
The two independent diagonal components of the expansivity tensor of NHJO, are known at several temperatures below room temperature.',"
However. the uncertainty in the lattice parameters a and c is greater for this salt than for ammonium perrhenate. (Is) Below about 100 K. both xl and clj (x, and r,.. respectively, in reference 5) are small and positive:
1.0x lo-" Km' and 4 x lo-5 K -', respectively. Above 100 K, these coefficients become large and of opposite sign. Segel et ~1.'~' concluded that the greatest values were reached at 160 K when ~1~ =-7x 10m5 K-' and r3 = 1.8x IO-" K-l. As the temperature reaches 298 K, the coefficients become substantially smaller (aI = -2.0 x lo-' and M: = 1.1 x 10m4) as both tend towards positive values again. Unfortunately, lattice parameters are unknown above 298 K. The anomalous and highly anisotropic values between 100 and 300 K are qualitatively similar to those for NH,ReO,, although in the perrhenate the peak in x1 and r3 occurs around 200 K and their values are about double those in the ammonium metaperiodate."' For NH,IO,, the (('&In -C,,,) from equation (3) must show a maximum near 160 K, provided the elastic-constant tensor c does not show some unusually strong dependence on temperature.
ET A1
The magnitude of (C,,, -Cc,,)
can be estimated from equation (3) 'mol-', respectively, in the vicinity of 160 K. The resulting value of CC,, ItI -C,,,) is about 9.39 J. K-l . mol-r. Because the 'x1 and xj arc unknown above 300 K, where they appear to be heading towards small positive values, the (CP,lIl -C,.,) cannot be calculated in this temperature region, but it seems highly likely that it will be as small as for ammonium perrhenate."'
Analysis of the heat capacities
The experimental heat capacity is written as C expt.m = (C~.~~C~,*)+Cvib,m+Clat,m+Crot.m~ (4) where Cvib, m is the heat capacity calculated from known vibrational frequencies at 77 or 83 K, including internal modes of both ions and external modes except for the ammonium-ion rotational or librational modes; C,,,., is the heat capacity for the acoustic modes; and for the ammonium salts C,,,., is the rotational heat capacity corresponding to the librational or rotational motion of the ammonium ion. Because frequencies at a fixed temperature are used in the calculation of Cvib.,,, this quantity is, in effect, a heat capacity at constant geometry.
The quantity actually measured calorimetrically is C,,,,, which is the heat capacity of the solid or liquid in equilibrium with its saturated vapour. This is linked to Cp,, by C sat. m -c,,m = -(apiaT),,,T(av,iaT),.
For these solid scheelites (C,,,,,-C,.,) is negligible. The space group of the scheelite structure is 14;/a or No. 88 C&, with 4 formula units per crystallographic unit cell and 2 formula units per primitive cell. KIO, has 36 unit-cell vibrations that can be classified as (2A, + 3B, + 2E, + 3A, + 2B, + 2E,) internal modes, (A, + 2B, + 3E, + A, + B, + 2E,) external optical modes, and (A, + E,) external acoustic modes. '18) For NH,ReO, and ND,ReO,, each has 60 unit-cell vibrations that can be classified as (4A, + 6B, + 4E, + 6A, + 4B, + 4E,) internal modes, (2A, + 2B, + 4E, + A, + 2B, + 3E,) external optical modes, and (A, + E,) external acoustic modes. (l') The assignments and wavenumbers arc summarized in table 1.
The assignments of the gem& (g) mode wavenumbers of both internal and external modes based upon Raman spectra (19-21' have been used. The u internal modes have been assumed to have the same wavenumbers as the corresponding g modes and, because these wavenumbers are high. no serious error is introduced by this procedure. Details of the assignments will be described in the following sections.
The first step in the analysis is to calculate Cvib,m from spectroscopic information at low temperatures, including translational external modes for both ions and librational external modes for the anion. At low temperatures, the rotational motion of the ammonium ion appears in the Raman spectrum as well-defined librational modes. As a result, for temperatures below about 120 K, C,,,., is replaced by the librational heat capacity C,ib,m computed using the Einstein function and the observed low-temperature librational wavenumbers of the ammonium ion. At 7' < 70 K. the contribution of thermal expansion to the heat capacity is very small, SO that (Cexpt. m -Cvib.m -Glib,,,) in this temperature region is dominated by the heat capacity of the acoustic modes. The low-temperature values of (Cexpt.m-Clih,,,,) were therefore fitted to a Debye function corresponding to 3 acoustic degrees of freedom per unit cell containing 2 formula units.
When the Debye model is obeyed, the Debye temperature On(T) remains constant for any crystal. However. for real crystals, the model fails to describe what is observed experimentally. For many metal and diatomic lattices, @n(T) asymptotically approaches a constant value at high temperature where all the modes of vibration contribute to the heat capacity. For other solids. On(T) rises as temperature increases, reaches a maximum value, and then decreases. To obtain the contribution of the lattice vibrations to the heat capacity of these crystals. the O,(T) is plotted and the asymptotic value at the peak 0; is drawn to extend to high temperatures. The resulting curve is then used with Debye tables. At temperatures below the point where 0: is reached, values of On based on the experimental heat c;tpacities were used to obtain Clat.,,. Then, by difference, ((C,.,-C,,,)+ C,,,,,,; is calculated over the entire range of temperature. KIO, The 18 internal modes were assigned wavenumbers at 77 K."O' The I5 external optical modes were assigned as follows: 9 g-modes were taken at 77 K.'20' the A, and an E, were taken at room temperature,"') and the B, is inactive while another E, could not be assigned. "l) With these assignments, CVi, was calculated as a sum of Einstein functions, including a factor for degeneracy, to include the 18 internal degrees of freedom and 12 of the 15 external optical modes, the 3 external acoustic modes being considered separately as acoustic lattice modes. The remaining inactive B, external mode and the doubly degenerate E, external mode were placed with the Cvib.m by multiplying the external heat capacity by 15/12. Using the experimental heat capacity of pure KIO, from reference 22, the difference ( Cexp,, m -Cvib.m) was then calculated, and the values for low temperatures were fitted to a Debye function for 1.5 degrees of freedom per molecule, corresponding to the 3 acoustic modes per unit cell containing 2 formula units. The value of 0; is 125.6 K, and this value was then used to compute the lattice heat capacity over the entire temperature range above 50 K.
The residual heat capacity C,,,, m = (Cexpt. m -Cvib,,, -Clat ,) is just (C,. m -C,, ,), since there can be no rotational heat capacity in the potassium salt. The results of this analysis are shown in figure 1 
NH,IO,
The 36 internal modes were assigned wavenumbers at 83 K."" and these were kept constant in calculating their contributions to the heat capacity, since the contributions of all the vibrational modes at constant geometry are required. The 9 external optical g-modes were assigned wavenumbers also taken at 83 K,"9' but the values for A, and E,: 88 and 190 cm-', were available only at room temperature. "l) With these wavenumber assignments, Cvib was computed as a sum of Einstein functions to include the 36 internal modes and 15 of the 24 external modes. An inactive external B, mode and an unassigned doubly-degenerate external E, mode were incorporated with the internal modes by multiplying the external heat capacity by 15/12. The librational wavenumbers of 240 and 258.6 cm-' at 83 K.'19) were used to calculate Glib,,, at low temperatures corresponding to their 6 degrees of freedom. This completes the accounting of the 21 external optical modes leaving the 3 external acoustic modes to be considered separately as lattice modes.
The experimental heat capacities for pure NH,IO, were used"' to calculate the difference (C,,,,. ,,, -CVi,, m -Cli,,,,) . and the values for low temperatures were htted to a Debye function for I .5 degrees of freedom per molecule, corresponding to the 3 acoustic modes per unit cell containing 2 formula units. The resulting value of 0; was 91.8 K, and this value was employed to compute the lattice heat capacity over the entire temperature range above 20 K. The residual heat capacity C,,,, m = (Cexpt, m -Cvib, m -Clat, ,) is equal to w,m-C,,,)+ C,,,,,}, and is plotted against temperature in figure 2(a) with the results contained in table 3. ND,IO, The same procedure was followed for the deuterated salt using experimental heat capacities for pure ND,IO,. (i") However, none of the external optical A,,, E,. E, modes has wavenumbers assigned so these plus the inactive B, mode were included with the internal modes by multiplying the external heat capacity by 15/9. The librational wavenumbers of 176.1 and 196.7 cm-' at 83 K,'19' were used to determine the Glib,,, at low temperatures.
BY fitting the (Gxpt, ,,, -Cvib. m -Glib,,,) at low temperatures to a Debye function for 1.5 degrees of freedom per molecule, the resulting 0; = 118.1 K, and this value was used to calculate the lattice heat capacity over the entire temperature range above 50 K. The results of the analysis are shown in figure 2(b) and table 4.
Discussion
The residual heat capacities C,,,,, presented in figure 2 show the characteristic peak found for ammonium salts. This C,,,,, contains contributions from the anisotropic thermal expansion and the rotational motion of the ammonium ion, which cannot be separated without information on the elastic-constant tensor.
The effect of deuteration on C ,,,,,/R is to raise its value at the peak from 4.906 at 190 K to 5.521 at 184 K. This small downward shift in the temperature where the Calculations of rotational heat capacities suggest that the rotational heat-capacity peak should not shift with temperature upon deuteration.(2x1 The temperature at which the lattice constants for the metaperiodates undergo their maximum change with temperature was given by Segel rt ~11.~" as 160 K, but there is some uncertainty in this value since the major sets of lattice-constant measurements are inconsistent in this temperature region. It is not worthwhile to fit theoretical models of rotational motion to our experimental results until the contribution of thermal expansion is separated reliably from the rotational motion of the ammonium ion, and this requires measurements of the elastic constants of the crystals.
